Cortical spreading depolarization waves, the cause underlying migraine aura, are also the markers and mechanism of pathology in the acutely injured human brain. Propagation of spreading depolarization wave uniquely depends on the interaction between presynaptic and postsynaptic glutamate N-methyl-D-aspartate receptors (NMDARs). In the normally perfused brain, even a single wave causes a massive depolarization of neurons and glia, which results in transient loss of neuronal function and depression of the ongoing electrocorticographic activity. Endoplasmic reticulum is the cellular organelle of particular importance for modulation of neurotransmission. Neuronal endoplasmic reticulum structure is assumed to be persistently continuous in neurons, but is rapidly lost within 1 to 2 min of global cerebral ischaemia, i.e. the organelle disintegrates by fission. This phenomenon appears to be timed with the cardiac arrest-induced cortical spreading depolarizations, rather than ensuing cell death. To what extent NMDARdependent processes may trigger neuronal endoplasmic reticulum fission and whether fission is reversible in the normally perfused brain is unknown. We used two-photon microscopy to examine neuronal endoplasmic reticulum structural dynamics during whisker stimulation and cortical spreading depolarizations in vivo. Somatosensory stimulation triggered loss of endoplasmic reticulum continuity, a likely outcome of constriction and fission, in dendritic spines within less than 10 s of stimulation, which was spontaneously reversible and recovery to normal took 5 min. The endoplasmic reticulum fission was inhibited by blockade of NMDAR and Ca 2 + /calmodulin-dependent protein kinase II (CaMKII) activated downstream of the NMDARs, whereas inhibition of guanosine triphosphate hydrolases hindered regain of endoplasmic reticulum continuity, i.e. fusion. In contrast to somatosensory stimulation, endoplasmic reticulum fission during spreading depolarization was widespread and present in dendrites and spines, and was preceded by dramatic rise in intracellular Ca 2 + . The endoplasmic reticulum fission during spreading depolarization was more persistent, as 1 h after the depolarization cortical neurons still exhibited loss of endoplasmic reticulum continuity. Notably, endoplasmic reticulum fission was accompanied with loss of electrocorticographic activity, whereas subsequent regain of synaptic function paralleled the organelle fusion. Furthermore, blocking CaMKII activity partly rescued endoplasmic reticulum fission and markedly shortened the recovery time of brain spontaneous activity. Thus, prevention of endoplasmic reticulum fission with CaMKII inhibitors may be a novel strategy to rescue brain function in patients with migraine and a promising therapeutic avenue in the acutely injured brain. 
Introduction
The neuronal endoplasmic reticulum (ER) is the longest cellular organelle, extending from the nuclear envelope to a subset of dendritic spines, and through the axon to presynaptic terminals (Verkhratsky, 2005; Petersen and Verkhratsky, 2007) . The ultrastructure of neuronal ER is known (Cui-Wang et al., 2012; Wu et al., 2017) , and the ER is considered continuous in all cellular compartments, which is of importance for intracellular trafficking and signalling in neurons (Verkhratsky, 2005; Petersen and Verkhratsky, 2007) . In contrast, ER structural dynamics remains largely unexplored, partly because of lack of appropriate tools to examine ER in the living brain. The current view is that ER in neurons capable of limited structural rearrangements, e.g. entry to and exit from dendritic spines (Toresson and Grant, 2005) . In comparison, the organelle undergoes widespread fission at the early stage of excitotoxic cell death, which is prevented by Nmethyl-D-aspartate receptors (NMDAR) antagonists in vitro (Kucharz et al., 2009) . However, the intermediate state of the ER during sublethal excitotoxic insult is unknown.
Cortical spreading depolarization (CSD) is a transient depolarization wave that progresses in the cortex of patients with migraine (Goadsby, 2012; Dreier and Reiffurth, 2015) , and after ischaemic stroke, subarachnoid haemorrhage and traumatic brain injury (Dreier, 2011; Lauritzen et al., 2011) . CSDs can cause persistent brain oligaemia in the injured brain, contributing to expansion of the primary lesion and long-term morbidity (Dreier et al., 2009; Dreier, 2011; Lauritzen et al., 2011; Ayata and Lauritzen, 2015; Hartings et al., 2017) . Even in adequately perfused tissue, with neurovascular coupling inverted, spontaneous CSD can trigger severe ischaemia that spreads with neuronal depolarization and is accompanied with prolonged negative direct current (DC) shift that increases the likelihood of brain injury (Dreier et al., 1998; Dreier and Reiffurth, 2015) .
A key feature of CSD is that in electrically active tissue the depolarization wave induces spreading depression of the spontaneous activity (Leã o, 1944) . The regain of ongoing electrocorticographic (ECoG) activity after CSD, i.e. alternate current component of ECoG (AC-ECoG) is an important indicator and predictor for recovery of brain function in post-CSD patients (Dreier, 2011; Lauritzen et al., 2011; Dreier and Reiffurth, 2015) .
While mitochondria fission and fusion processes have been recognized as important factors determining cell function and survival in many brain pathologies (Knott et al., 2008) there are no data on structural dynamics of ER during conditions relevant to human disease. Given that ER controls cellular stress responses (Paschen and Mengesdorf, 2005) and modulates synaptic transmission (Verkhratsky, 2005) , we asked whether similar structural rearrangements, i.e. loss and regain of continuity, occur for the ER in the living brain. The specific objectives of the study were to: (i) determine basal ER structural dynamics in response to evoked synaptic activity and during CSD; (ii) disclose the key signalling pathways involved; and (iii) resolve whether modulation of the ER structural dynamics promotes post-CSD recovery.
Using two-photon imaging in vivo we demonstrate that subtle ER fission occurs in dendritic spines during increases in somatosensory activity. In comparison, massive cell-wide ER fission was observed during CSD. The ER compartmentalization was transient, and the regain of ER continuity closely correlated with the loss and recovery of synaptic function after CSD. We establish that ER fission requires preserved activity of glutamate NMDAR and Ca 2 + /calmodulin-dependent protein kinase II (CaMKII) downstream of NMDAR activation, whereas regain of ER continuity is mediated by the dynamin family of guanosine triphosphate hydrolases (GTPases). Finally, we show that inhibition of ER fission by CaMKII blockers during CSD is accompanied by preservation of neuronal activity. Prevention of ER fission may reduce perturbation of neuronal activity in patients with migraine with aura and in patients with acute brain injury.
Materials and methods

Animals
We used 3-6-month-old (22-29 g) C57BL/6 Thy1-EGFP-ER 7b transgenic mice (n = 42 total) that express ER lumen-targeted enhanced green fluorescent protein (EGFP-ER) (Holbro et al., 2009 ). This approach is of advantage over chemical membrane-bound ER lipid markers (e.g. DiI), which are not specific to neurons, rendering neuronal ER signal indistinguishable from the neighbouring cells in the brain.
Surgical procedures
All animal experiments complied with ARRIVE and the Danish National Ethics Committee for the Protection of Vertebrate Animals used for Experimental and Other Scientific Purposes guidelines. Anaesthesia was induced by intraperitoneal injections of xylazine (10 mg/kg animal) and ketamine (60 mg/kg animal; then 30 mg/kg animal every 20-25 min). Animals were maintained at 37 C using a rectal thermistor probe and a heating pad. Following tracheotomy, the animals were mechanically respirated (180-220 ml volume; 190-240 strokes/min) with O 2 -supplemented air (1.5-2 ml/min, MiniVent Type 845 ventilator, Harvard Apparatus). The left femoral vein and artery were cannulated and the animals were placed in a prone position. The mouse scalp was removed and the skull was glued (Loctite Adhesives) to a custom-made metal plate. A craniotomy was performed (4 mm lateral / 1 mm posterior to bregma, Ø = 3 mm). The dura was removed, and the brain surface covered with 1% agarose (type III-A; Sigma-Aldrich) and artificial CSF (in mM: NaCl 120, KCl 2.8, Na 2 HPO 4 1, MgCl 2 0.876, NaHCO 3 22, CaCl 2 1.45, glucose 2.55, at 37 C, aerated with 95% air/5% CO 2 to pH 7.4). A glass coverslip ($4 Â 4 mm, 0.08-mm thick; Thermo Scientific) was positioned over the craniotomy, leaving a $0.5 mm gap for electrode insertion. CSD experiments required additional craniotomy (1 mm lateral / 2 mm anterior to lambda, Ø = 2 mm) for elicitation of depolarization. Next, anaesthesia was switched to -chloralose (50 mg/kg animal weight per hour via intravenous catheter) to avoid ketamine interference with NMDAR-mediated neurotransmission. The animal was allowed to rest for 25 min before imaging procedures.
Throughout imaging, we monitored end-tidal respiratory CO 2 levels (Type 340 capnograph; Harvard Apparatus), and arterial blood pressure via a femoral artery catheter (BP-1 Monitor, World Precision Instruments). Prior to imaging, an arterial blood sample ($55 ml) was collected for blood gases evaluation (ABL 700 Series, Radiometer) and the respiration was adjusted if necessary.
Electrophysiological assessment
The ECoG was measured using a heat-pulled single-barrelled borosilicate glass electrode (tip Ø, $2-3 mm; inner Ø, 0.86 mm; outer Ø, 1.5 mm; Sutter Instrument) with Ag/AgCl wire and filled with artificial CSF (electrode resistance 1.8-2.0 M). The electrode was inserted $50 mm deep into the cerebral cortex with reference electrode placed between the neck skin and muscle. The signal was amplified 10Â after a 0-3000 Hz low-pass filter (AP311 analogue amplifier; Warner Instruments). The DC-ECoG component was digitized using a 1401 interface (CED). The spontaneous activity (alternate current, AC-ECoG component) was obtained from the ECoG after an additional 100Â amplification and a 0.5 Hz highpass filter (NL 106 analogue amplifier and NL 125/126 analogue filter, NeuroLog) and digitized using a 1401 interface. DC-ECoG and AC-ECoG were recorded at a frequency of 20 kHz (Spike2 software, v.7.02a; CED).
Whisker pad stimulation
Two bipolar electrodes were inserted contralaterally to the craniotomy, the cathode into the contralateral ramus infraorbitalis and the anode into the masticatory muscle. Thalamocortical infraorbitalis stimulation was performed using the ISO-Flex stimulus isolator (A.M.P.I) with 1 ms 1.5 mA impulses in trains of 15 s at 3 Hz ( Supplementary Fig. 1A ). In dynasore/GTPase inhibition experiments the time between consecutive stimulations was increased to 20 min to minimize the effect of preceding spine stimulation on a successive spine baseline.
Intrinsic optical signal
The somatosensory cortex was illuminated with a diode after green bandpass filter. The intrinsic optical signal (IOS) was recorded at 10 Hz for 5 s (50 frames) with a QuantEM 512SC CCD camera (Photometrics) using 5Â 0.15 NA objective (Leica Microsystems). Two IOS recordings were made: before, and 10 s after 15 s of 3-Hz stimulation onset. The stimulation/baseline image ratio was used to calculate the light absorbance change accompanying oxy-to deoxyhaemoglobin transition during increases of metabolic demand. The functional map of IOS was used to localize the responding area for subsequent two-photon imaging of the ER. Complementarily, we identified dilating arteries, to ascertain functionality of the neurovascular coupling ( Supplementary  Fig. 1B ).
Two-photon imaging
We used an SP5 upright laser scanning microscope (Leica Microsystems) with a MaiTai HP Ti:Sapphire two-photon laser tuned to 890 nm (Millennia Pro, Spectra physics) and a 20Â 1.0 N.A. water-immersion objective (Leica Microsystems). The resolution limitation estimate was $0.45 mm in x/y-(lateral), and $2.5 mm in z-dimension (depth). The emitted light was split by a FITC/TRITC filter, and acquired by two separate multi-alkali photomultipliers after 525-560 nm and 560-625 nm band passes for the ER and Ca 2 + indicator signals, respectively. Data were recorded using LAS AF v.4.4 (Leica Microsystems). 3D reconstructions were performed using Amira v.6 (FEI Visualization Sciences Group).
In vivo two-photon fluorescence recovery after photobleaching A selected area of 353 Â 353 mm (512 Â 512 pixels) was bidirectionally scanned for five cycles at a 0.51-s interval (total time, $2.5 s). The average ER fluorescence was measured from a 2 Â 2 mm (13 Â 13 pixels) region of interest placed on a selected spine ER (pre-bleach signal). Next, we increased the resolution and frequency of scanning within the selected region of interest (4 mm 2 ), effectively bleaching the EGFP-ER within the region of interest for 1.5 s (bleaching step). Subsequently, the fluorescence recovery after photobleaching (FRAP) curve was recorded as in the pre-bleaching step for 20 cycles (interval, 0.51 s; total time, $10 s) from an optical slice of $2.5 mm, reducing the potential effect of focal drift on the FRAP recording ( Supplementary Fig. 2A ). The dendritic ER FRAP was similar to the spine ER protocol with optimization for larger structures ($25 mm 2 ). A selected area of 130 Â 130 mm (256 Â 256 pixels) containing dendritic ER and surrounding tissue was bidirectionally scanned for five cycles (0.75-s interval, total time, $3 s). The average EGFP-ER fluorescence was measured from a 5 Â 5 mm region of interest (10 Â 10 pixels) placed on a selected dendrite (prebleach signal). Next, the resolution and frequency of scanning within the selected region of interest were increased, bleaching the EGFP-ER over five continuous scanning cycles at 10 Hz ($0.5 s total time, bleaching step). The FRAP curve was recorded as in the pre-bleaching step for 20 cycles (interval, 0.75 s; total time, $14.3 s). For every neuron, the FRAP protocol was performed on the same dendritic area ( Supplementary  Fig. 2C ).
Fluorescence recovery after photobleaching model fit
Using Prism v.6 (Graphpad), a model was fit to each FRAP curve to calculate the fluorescence recovery half-time and the neuronal ER immobile fraction (Supplementary Fig.  2A and C). In simple model systems, the equation describing the pseudo-first order association kinetics (non-linear regression fit) can be fit to characterize the FRAP as follows:
Where Y(x) is the fluorescence at time x; Y(0) is the fluorescence after photobleaching step; plateau is the Y-value at infinite times (expressed as a fraction of the initial fluorescence value); and K is the rate constant (s
À1
). The FRAP traces were normalized to the initial signal fluorescence intensity (where 1 = initial fluorescence strength) and expressed as a fraction of the initial fluorescence. The half-time of recovery (s) was calculated as ln (2)/K, and the ER immobile fraction (arbitrary units) as the difference between the initial pre-bleach fluorescence intensity signal and the plateau. The fit constraints were: Y(0) 5 0, plateau 5 1, and K 4 0 s.
Analysis of endoplasmic reticulum fluorescence variance
The data were exported as a tiff image series from LASAF to ImageJ and digitally resized (2Â ) to minimize artefacts from the subsequent line strengthening operation of curved structures. For each time-lapse recording, two to eight separate dendrites were individually traced with segmented line (length, $5-20 mm), and each line was converted to a ribbon region of interest (thickness, $5 mm) that embedded the dendritic ER. We excluded dendrites exhibiting z-dimension focal drift during CSD or a substantial photobleaching effect. Next, the ribbon was straightened using the ImageJ built-in modifier, and the images were split into ER and Ca 2 + channels. The ER channel was stabilized for x-y planar drift (Li and Kang, 2008) and passed a Kalman stack filter (Mauer, 2009 ) with noise variance estimate 0.05 and a prediction bias 0.5. The image stabilization vectors and Kalman stack filter were applied to the red (Ca 2 + signal) channel to equally transform the data in both channels.
Subsequently, for each frame of dendritic ER images in the time-lapse recording, the intensity profile plot was plotted ( Supplementary Fig. 2B ) to calculate the variance in the fluorescence of the ER signal, Var(F ER ). The traces were presented as a fraction of their baselines (average of the first five frames normalized to 1). The data were supplemented with the respective DC-ECoG recording downsampled to match imaging frame frequency.
Cortical spreading depolarization model
We pressure-injected (PV830; World Precision Instruments) 1 M potassium acetate into the secondary craniotomy (posterior parietal cortex) via a heat-pulled borosilicate glass electrode (tip Ø $2-3 mm) $50-100 mm below the brain surface. DC-ECoG signal was monitored to ensure that no CSD events occurred prior to imaging. The experimental model was initially tested in C57BL/6 wild-type mice using an electrophysiological setup build described previously (Jessen et al., 2015) , and the animals exhibited all CSD hallmarks ( Supplementary   Fig. 3A ). During imaging, the passing of the CSD wave was identified by a DC shift (neuronal depolarization) in DC-ECoG at $1 min post-injection (ÁU % À12 mV) and rapid constriction of the cerebral arteries ( Supplementary Fig. 3B ).
Ca 2 + imaging
For simultaneous imaging of EGFP-ER and Ca 2 + signals, we used the prototype red-shifted Ca 2 + indicator Asante Calcium Red (ACR; TEFLabs) (Hyrc et al., 2013) . The signal was excited at 890 nm and measured in non-ratiometric mode. We injected 0.2 ml of 0.9 mM ACR in artificial CSF with 10% DMSO, supplemented with 1Â PowerLoad pluronic surfactant polyol (Life Technologies) into the cortex at $125 mm below the brain surface ( Supplementary Fig. 4A ), using a heat-pulled borosilicate glass electrode (tip Ø, $2-3 mm), in 4-5 intermittent pulses (2-s pulse; 5-30 psi; pneumatic picopump PV830; World Precision Instruments). Approximately 50 min post-microinjection was sufficient for cells to incorporate the dye. The optimal imaging depth was between 10 and 60 mm below the brain surface (Supplementary Fig. 4B and C), and there was no evident signal contamination between the channels ( Supplementary  Fig. 4D ). The signal intensity increase ranged between 110-140% of baseline (n = 7 animals) (Supplementary Fig. 4E and Supplementary Video 3). ACR did not alter CSD wave propagation (36.52 AE 2.545 mm/s; n = 7 animals) compared to commonly used Oregon Green Bapta 1-AM Ca 2 + indicator (OGB-1; Invitrogen) (45.66 AE 6.065 mm/s; n = 5 animals; P = 0.1511) ( Supplementary Fig. 4F ).
NMDAR, CaMKII and GTPase inhibition
For NMDAR inhibition, the agarose covering the brain was supplemented with 80 mM D-AP5 (Tocris). Additionally, 50.4 ml of a mixture of 8 mM D-AP5 with 10 mM Alexa Fluor Õ 954 (Invitrogen) in artificial CSF was slowly microinjected into the cortex at $50 mm below the brain surface using a borosilicate glass capillary (tip Ø, $2-3 mm) in four to five intermittent pulses (5-s pulses; 5-20 psi each) and a pneumatic picopump (PV830; World Precision Instruments). We used Alexa Fluor Õ 954 signal to confirm injection, solution spread and equilibration in the imaging area. CaMKII was inhibited with cell-permeable KN-93 (Tocris) administered in the same manner as D-AP5. We used 1 mM and 100 mM KN-93 to supplement agarose covering the brain and for microinjection, respectively. For GTPases inhibition, we only used microinjection of dynasore (0.8 mM; Sigma-Aldrich), with no drug supplement in agarose. This was to ascertain whether dynasore affects the basal state of ER continuity.
Given the injectant volume ($0.15 ml) and even distribution (as determined by co-injected Alexa Fluor Õ 954 fluorescence) in at least half of the volume of the mouse cortex [$85 mm 3 in adult C57Bl/6 mouse neocortex (Badea et al., 2007) ], the estimated effective concentrations of compounds were 500-600 Â less in the brain compared to the injection microelectrodes and $5Â less than in the agarose.
Statistical analysis
Two-tailed paired t-tests were used for all longitudinal assessments except spine ER FRAP half-time that exhibited nonGaussian distribution, for which the Wilcoxon matched-pairs signed rank test was used. Two-way ANOVA was used to assess the inhibitory effect of KN-93 on ER structural dynamics in CSD. Data are presented as averages AE standard error of the mean (SEM). All statistical analyses were performed using Prism v.6 (Graphpad). Data collection was performed not blinded to experimental conditions.
Exclusion criteria
All animals with abnormal blood gases, abnormal AC-ECoG activity, brain movement (43 mm/min) or unstable DC-ECoG signal that could originate from sources other than CSD were excluded from analysis (9 of 47 animals). Neurons were excluded if they exhibited at any time of experiment an ambiguous model fit to FRAP (11 of 106).
Results
Neuronal endoplasmic reticulum in vivo
First, we assessed the general morphology of neuronal ER in the brain under basal conditions. We used anaesthetized transgenic mice (Fig. 1A) , which endogenously express soluble EGFP-ER that diffuses and equilibrates within neuronal ER lumen [plasmid construct described in Holbro et al. (2009) ]. EGFP-ER was present in a wide population of cortical neurons, with the strongest fluorescence in dendrites and soma (Fig. 1B) . Neuronal ER was imaged to a depth up to 0.4 mm and appeared as a single, continuous organelle spanning up to several hundreds of micrometres from cell bodies in cortex layer IV to apical dendrites ( Fig. 1C and Supplementary Video 1). Neurons exhibited clear presence of nucleoplasmic reticulum in somata (Fig. 1D ) and ER in dendrites and dendritic spines (spine ER) (Fig. 1E ).
Whisker stimulation induces endoplasmic reticulum fission in dendritic spines
Next, we investigated whether neuronal ER exhibits dynamic structural changes during somatosensory stimulation ( Fig. 1F and Supplementary Fig. 1A ). The location of the field of imaging responding to whisker stimulation was determined by changes in intrinsic optical signal (IOS) in the somatosensory cortex ( Supplementary Fig. 1B) . For each animal, we analysed 5-10 spine ER of separate pyramidal neurons, 570 mm below the surface of the cortex, and at least two branching points from the soma. We excluded spines close to the brain surface (510 mm) because of blood circulation-induced tissue micromovement. Rather than just describing ER morphology, we carried out quantitative two-photon FRAP (Supplementary Fig. 2A ) to monitor the degree of structure compartmentalization (Svoboda et al., 1996) , i.e. functional continuity of ER lumen. Each spine ER was assessed with FRAP $5 min pre-stimulation, 10 s after 3 Hz whisker pad stimulation, and $5 min post-stimulation (n animals = 3; n spines = 17) (Fig. 1G) . From each FRAP we calculated the fluorescence recovery half-time (s), which indicates hindered diffusion of ER proteins due to constriction of ER, and the ER immobile fraction, which indicates ER fission ( Supplementary  Fig. 2A ).
Prior to stimulation, the ER was continuous between the dendritic shaft and spines ( Fig. 1G and Table 1 ). In contrast, activation of somatosensory neurons evoked rapid (510 s after stimulation onset) reduction of ER continuity between spines and dendrites, as indicated by a loss of FRAP. This response was transient and within 5 min post-stimulation, the spine ER restored basal state of continuity with the ER in dendritic shaft (Fig. 1G and Supplementary Video 2). The average FRAP half-time was longer during the stimulation compared to the basal state (P 5 0.01) and at 5 min post-stimulation (P 5 0.05) indicating that during stimulation the ER in spines exhibited impaired connectivity. At the same time the immobile fraction was higher during evoked neuronal activity than in the basal state (P 5 0.01) and post-stimulation (P 5 0.01; Fig. 1H ), indicating that the majority of ER in spines underwent compartmentalization and became transiently isolated. Pre-and post-stimulation values for FRAP half-time and for immobile fraction were similar (P = 0.4 and 0.8, respectively) demonstrating the spontaneous reversibility of the process.
We next investigated the importance of NMDAR activation for triggering reversible ER dynamics in the brain, as dispersed organelle morphology is observed during glutamate excitotoxicity and ischaemia (Lipton, 1999) . To inhibit NMDARs while preserving synaptic input, we used D-AP5 delivered by microinjection to the brain cortex. The blockade of NMDARs abolished the ER dynamic responses. The average FRAP half-time during stimulation did not differ from pre-stimulation (P = 0.4; n animals = 3; n spines = 20) or post-stimulation values (P = 0.8) (Fig. 1I and Table 1) ; and the immobile fraction was similar to pre-(P = 0.8) and post-stimulation (P = 0.8) values. CaMKII is a serine/ threonine protein kinase, activated by rises in intracellular Ca 2 + gated by NMDAR and a crucial component of synaptic transmission (Lisman et al., 2002) . Therefore, we next asked whether ER fission was related to rises in activity of CaMKII. Inhibition of CaMKII during somatosensory stimulation with KN-93 blocked ER fission as indicated by an unchanged FRAP half-time as compared to prestimulation (P = 0.9; n animals = 3; n spines = 18) or post-stimulation (P = 0.6) ( Fig. 1J and Table 1 ). Consistently, there was no significant increase in the immobile fraction during stimulation as compared to pre-stimulation (P = 0.07) and post-stimulation (P = 0.4). This indicates that CaMKII activity downstream of NMDAR stimulation mediates ER continuity changes in dendritic spines.
Large GTPases, e.g. dynamin and dynamin-like GTPases, are integral component of mitochondria fission-fusion (Youle and van der Bliek, 2012) , but also reside on the ER membrane (Hu et al., 2009; Park and Blackstone, 2010) . Therefore, we next tested whether spine ER structural dynamics depends on large GTPases using dynasore, a cell-permeable and non-competitive inhibitor (Macia et al., 2006) . We performed FRAP analysis on spine ER of separate neurons (n animals = 4; n spines = 18), then microinjected dynasore into the cortex, and re-analysed the same spines 20 min after the intervention (Fig. 1K and Table 1 ). Dynasore did not alter the basal state of ER continuity (basal versus pre; P = 0.2 and P = 0.9, for FRAP half-time and immobile fraction, respectively), and did not abolish stimulation-induced ER fission (pre versus stim; P 5 0.005 and P 5 0.05, for FRAP half-time and immobile fraction, respectively). However, inhibition of dynamin/dynamin-like GTPases interfered with post-stimulation regain of ER continuity (stim versus post; P = 0.9 and 0.8; for FRAP half-time and immobile fraction, respectively) ( Fig. 1K and Table 1 ). The results suggest that dynamin GTPases are of key importance for reinstating ER continuity.
The amplitude of the evoked excitatory postsynaptic potential (eEPSP) during FRAP recordings did not differ between controls and animals exposed to NMDAR blockade (P = 0.8) or CaMKII inhibition (P = 0.8) or GTPase inhibition (P = 1.0) (Fig. 1L and Table 1 ). This indicates that in all trials, neurons were exposed to a similar degree of activity-evoked neuronal depolarization.
Cortical spreading deoplarization induces widespread endoplasmic reticulum fission
Next, we examined ER dynamics during CSD, which strongly depends on preserved NMDAR activity (Dreier, 2011; Dreier and Reiffurth, 2015) . CSD was elicited in the posterior cortex and progressed towards somatosensory cortex ( Fig. 2A, Supplementary Fig. 1C and D) . The passing of the wave was identified by the shift in DC potential of DC-ECoG, which indicates the level of depolarization of affected nerve cells (Supplementary Fig. 3 ).
CSD was accompanied by rapid (510 s), opticallydefined loss of ER continuity in dendrites and spines (Fig. 2B ), but not in the perinuclear ER and the nuclear envelope. ER fission was observed to progress gradually from distal parts of apical dendrites towards the soma (Fig. 2C) . The optically-defined ER fragments were observed within dendritic beadings, focal bead-like swellings in the dendrites that typically accompany CSD (Takano et al., 2007; Steffensen et al., 2015) (Fig. 2D ).
Endoplasmic reticulum fission in cortical spreading deoplarization is reversible
However, concomitantly with neuronal repolarization, i.e. the return to normal of the DC-ECoG, the ER gradually fused (Fig. 2E and Supplementary Video 3) . Furthermore, the reversible cycle of ER compartmentalization and return to normal morphology could occur multiple times within a single neuron and always accompanied brain depolarization during each episode of CSD (Fig. 2F) . During each CSD, spine ER appeared disconnected with the dendritic ER (Fig. 2F, CSD#1 ) or possibly constricted within the spine neck (Fig. 2F, CSD#2, CSD#3) .
The data show that ER is capable of rapid and widespread, but transient and spontaneously reversible structural responses during CSD that can occur repeatedly in the brain and are distinct from slow and irreversible apoptotic organelle disassembly i.e. formation of apoptotic bodies during late stages of the cell death (Bredesen et al., 2006; Atkin-Smith and Poon, 2017) .
Intracellular Ca 2 + increase prompts endoplasmic reticulum fission
Intracellular Ca 2 + overload is a part of acute brain pathologies, including CSD (Pietrobon and Moskowitz, 2014) . Notably, CSD induces the largest possible intracellular Ca 2 + increase in living neurons (Dietz et al., 2008) . We investigated the spatio-temporal relation of ER structural responses in relation to the intracellular Ca 2 + increase that indicates progression of the CSD wave ( Supplementary Fig. 4 and Supplementary Video 4). Prior to the CSD, the ER exhibited continuous morphology within the entire field of imaging, which included multiple dendrites of separate neurons. The ER fission was observed only in dendrites with a Ca 2 + increase, while dendrites not reached yet by the Ca 2 + wave exhibited normal ER morphology ( Fig. 3A and B) . FRAP does not allow realtime assessment of ER structural dynamics, therefore to resolve the temporal relationship between ER structural response and intracellular Ca 2 + and the DC-ECoG we developed a complementary method. In its native state, continuous ER was characterized by relatively low variance in fluorescence intensity [Var(F ER ), Supplementary Fig. 2B ]. However, with ER compartmentalization, the variance rapidly increased, which was followed by a decrease during return to normal of ER morphology. ER compartmentalization was proportional to and correlated directly with the increase in intracellular Ca 2 + in neurons (r Pearson's = 0.714 AE 0.0563) and the amplitude of the negative DC potential shift (r Pearson's = À0.814 AE 0.0423; n animals = 5; n CSD = 8) (Fig. 3C  and D) . The phasic diagrams of a temporal relationship between ER morphology dynamics and Ca 2 + changes indicated that the Ca 2 + rise preceded the ER response by several seconds (Fig. 3E) , and ER compartmentalization coincided with the DC-ECoG change (Fig. 3F) . The observation that an increase in dendritic Ca 2 + precedes ER fission is in accord with our notion that preserved activity of CaMKII is necessary to support ER structural dynamics. Endoplasmic reticulum fission coincides with loss of spontaneous synaptic activity
Loss and subsequent recovery of spontaneous synaptic activity, as seen in patients (Dreier, 2011; Dreier and Reiffurth, 2015) , was also observed in all CSD animals ( Fig. 4A) . Given the importance of ER for neurotransmission (Takechi et al., 1998; Nishiyama et al., 2000; Emptage et al., 2001; Rose and Konnerth, 2001; Sabatini et al., 2002; Holbro et al., 2009) , we next examined whether changes in ER continuity were coupled to changes in spontaneous AC-ECoG. All data shown as average AE SEM, n = number of neurons, number of animals is indicated in brackets. ns = not significant; *P 5 0.05; **P 5 0.01; ***P 5 0.001; ****P 5 0.0001 (t-test); ## P 5 0.01 (two-way ANOVA).
For each mouse, two to four dendrites of separate neurons (n animals = 5; n neurons = 14 total) were followed with FRAP analysis at time points A-F over the course of CSD (Table 2 , Fig. 4B , C and Supplementary Fig. 2C ). The FRAP half-time was significantly longer at time points B and C as compared to the pre-CSD time point A (P 5 0.05 and P 5 0.01, respectively) confirming abrupt impairment of ER continuity during depolarization (Fig. 4B) . Subsequently, the average FRAP half-time decreased, representing gradual regain of ER continuity over time during post-CSD recovery. The existence of isolated ER fragments at the time of neuronal depolarization was indicated by a rise in the ER immobile fraction at time points B (P 5 0.001) and C (P 5 0.001), and the reversibility of the response by a subsequent decrease in immobile fraction during the recovery period (Fig. 4C) . ER compartmentalization after CSD lasted longer than for somatosensory stimulation and regain of ER continuity was incomplete at $20 min after CSD.
Next, we asked whether ER fission during CSD could be modulated by CaMKII activity as in somatosensory stimulation. Our data showed that CaMKII inactivation with KN-93 had a strong overall inhibiting effect on ER fission (P 5 0.01, two-way ANOVA) across all time points during CSD [ Fig. 4B , C (dashed line) and Table 2 ]. The average FRAP half-time during CSD (time points B and C) in KN-93 treated animals was faster compared to FRAP half-time values of corresponding time points in non-treated animals (both time points: P 5 0.05, Fig. 4B) . Consistently, the inhibition of CaMKII reduced the amount of immobile fraction during CSD, i.e. the isolated ER, at time points B and C compared to animals with preserved CaMKII activity (P 5 0.001 and P 5 0.0001 for time points B and C, respectively) (Fig. 4C) . We did not assess the effect of GTPases inhibition in CSD, as the prolonged exposure of brain to dynasore (41.5 h post injection) leads to a progressive decrease in spontaneous neuronal activity and neuronal damage.
To relate changes in ER to neuronal activity, we extracted for each FRAP recording the corresponding AC-ECoG activity, presented here as values normalized to the pre-CSD baseline (Table 2) . First, ER compartmentalization was accompanied by loss of AC-ECoG during the negative DC shift (Fig. 4D) . Second, during subsequent recovery period the return to normal of the AC-ECoG activity followed regain of ER continuity, with a high correlation between AC-ECoG and both FRAP half-time (r Pearson's = À0.90, P 5 0.05) (Fig. 4E) and ER immobile fraction (r Pearson's = À0.98, P 5 0.001) (Fig. 4F) .
Furthermore, KN-93-induced reduction of ER partitioning was reflected by amelioration of the AC-ECoG depression (time point B, P 5 0.01; time point C, P 5 0.0001) (Fig. 4D) . Following that and similar to untreated animals, the regain of ER continuity and AC-ECoG recovery also occurred in parallel with high correlation between ACECoG and FRAP half-time or immobile fraction (r Pearson's = À0.83, P 5 0.05; r Pearson's = À0.94, P 5 0.01, respectively) ( Fig. 4E and F) .
There was no difference in DC potential shift amplitude of DC-ECoG (P = 0.4710) or area under curve (AUC; P = 0.8578) between untreated and KN-93-treated animals, indicating that the degree of neuronal depolarization during CSD was equal in both groups (Fig. 4G and Table 2 ).
Thus, recovery of synaptic function concurs with regain of ER structural integrity and the synaptic activity in CSD is sensitive to modulation of neuronal ER continuity.
Discussion
This study is the first to characterize the neuronal ER structural dynamics in vivo. The main findings are summarized in Supplementary Fig. 5 and are as follows: (i) brief rises in synaptic activity during somatosensory stimulation induce reversible loss of ER continuity in dendritic spines, but during CSD the ER fission additionally engages dendritic shafts and is more persistent; (ii) the ER fission is triggered by rises in intracellular Ca 2 + via activation of NMDA receptors and CaMKII, whereas dynamin GTPases mediate the ER fusion. The ER fission-fusion therefore reflects a time sequence of rises in CaMKII activity followed by rises in GTPase activity; and (iii) loss and regain of ER continuity during CSD is mirrored by loss and regain of synaptic function. CaMKII inhibition ameliorates ER fission during CSD and mitigates CSD-induced depression of neuronal activity.
In basal conditions, intraluminal EGFP-ER rapidly diffused and equilibrated indicating structural and functional continuity of ER in dendrites, including spines, which is consistent with findings in vitro (Cui-Wang et al., 2012) . This property of the ER changed in response to somatosensory stimulation and during CSD. While ER compartmentalization during whisker stimulation was confined to dendritic spines, CSD induced ER fission throughout the dendrites. Importantly, the activity-triggered changes in ER morphology were transient, both during whisker pad stimulation and CSD, and the fission-fusion cycle could occur multiple times and neurons remained viable as indicated by the power of the ongoing ECoG. Yet, the ER compartmentalization was never absolute, as indicated by the lack of complete loss of FRAP, where FRAP half-time approaches infinity and the immobile fraction = 1. Our data show that part of the ER still maintained a certain level of connectivity, which may indicate ER constriction. At the same time, part of ER did undergo partitioning, as indicated by increase in the immobile fraction. Thus, the observed ER dynamics are likely a combination of ER constriction and fission.
The ER fission in CSD was distinct from dendritic beading. Although the ultrastructural ER elements are indistinguishable in the living brain because of the optical limitations of two-photon imaging, we observed that optically defined ER fragments were at least two to three times smaller than the beading areas of swollen dendrites (Takano et al., 2007; Steffensen et al., 2015) . The clear appearance of fragments as numerous entities, 1-to 2-mm across, may be due to the clustering of already fragmented ER. This is supported by the observation that even after return to normal of the DC-ECoG potential and seemingly continuous morphology, the ER still exhibited a decrease in continuity (Supplementary Video 5) . ER fission depended on NMDAR activation and preserved CaMKII activity while dendritic beading is NMDAR-independent and requires activation of Cl À -coupled transporters (Murphy et al., 2008; Steffensen et al., 2015) . NMDARs are the primary route for extracellular Ca 2 + entry to neurons during CSD (Pietrobon and Moskowitz, 2014) , with progressing involvement of other paths along continuum from normal to increasingly ischaemic tissue (Dreier, 2011) . NMDAR-gated Ca 2 + activates CaMKII (Soderling and Stull, 2001) . We show that ER compartmentalization during CSD was preceded by rises in intracellular Ca 2 + and the ER structural response, both in physiology and in CSD depended on preserved CaMKII activity. This suggests CaMKII downstream of NMDAR activation as the prime mechanism of ER fission. In contrast, inhibition of dynamin/dynamin-like GTPases significantly impaired the ability of the ER to restore continuity in spines. Thus, ER fission and restoration of normal function depend on two separate intracellular signalling pathways.
The ER exists in 40-80% of mature spines, with preferential distribution to spines forming strong synapses (Spacek and Harris, 1997; Holbro et al., 2009; Wu et al., 2017) . Ca 2 + released from the ER to cytosol in spine compartment amplifies synaptically-evoked Ca 2 + transients, modulates excitability and induces synaptic plasticity (Takechi et al., 1998; Nishiyama et al., 2000; Emptage et al., 2001; Rose and Konnerth, 2001; Sabatini et al., 2002; Holbro et al., 2009) . ER constriction or fission is likely to impede intracellular protein transport and hinder protein mobility in dendrites and spines, as indicated by reduction in FRAP. This is of relevance for synaptic function, i.e. information processing, as intracellular transport in dendrites, especially trafficking of neurotransmitter receptors is very sensitive to variations in geometry of the ER (Cui-Wang et al., 2012) . ER fission, even if spatially restricted to spines, may hinder intralumenal ion diffusion and create isolated ER volumes with limited pools of releasable Ca 2 + . Thus, the transient decrease of ER continuity, similar to changes in spine neck morphology (Tonnesen et al., 2014) , may impact the timescales of synaptic events that modulate neurotransmission. Interestingly, structural and functional plasticity in dendritic spines require both Ca 2 + influx through NMDAR and activation of CaMKII (Nishiyama and Yasuda, 2015) .
The rapid loss of spontaneous activity during CSD was followed by gradual recovery, which mirrored the changes in ER continuity. The depression of the spontaneous activity in CSD is typically explained by sustained depolarization that exceeds the inactivation threshold for the action potential generating channels (Kager et al., 2002) . The depression of activity outlasts the neuronal depolarization, and is suggested to be maintained by e.g. Ca 2 + accumulation (Carter et al., 2013) . Our data support this view. Continuous ER lumen upkeeps efficient buffering of intracellular Ca 2 + (Petersen et al., 2001) , and regain of ER continuity after fission correlated with recovery from the spreading depression of activity, rather than spreading depolarization. ER fission may therefore constitute a hitherto unknown mechanism that contributes to depression of neuronal activity in CSD.
Inhibition of ER fission with CaMKII blocker mitigated the CSD-induced loss of synaptic activity and shortened recovery time, which may be of particular importance for counteracting sensory disturbances in migraine with aura. In comparison to CSDs in normally perfused brain tissue, as presented here, spreading depolarizations in the acutely injured human brain cortex can be more severe and accompanied by a longlasting negative DC shift that directly contributes to cell death (Dreier, 2011; Dreier and Reiffurth, 2015) . It can be predicted that e.g. in ischaemic brain penumbra, where CSDs exhibit prolonged negative DC shift, the loss of ER continuity is also more persistent. Given the crucial importance of ER continuity for vital cell functions, including maintenance of ion homeostasis, cell stress and detoxification (Paschen and Mengesdorf, 2005; Petersen and Verkhratsky, 2007; Hetz and Mollereau, 2014) , sustained ER fission is unlikely to be compatible with cell survival and rescuing cells from ER fission may promote recovery.
In summary, we provide the first in vivo insights into ER structural dynamics of relevance for an understanding of the living brain in health and disease. ER fission may contribute to dysregulation of neuronal activity and contribute to neuronal silencing under conditions of severe mismatch of brain energy supply and use. Further exploration of neuronal ER dynamics may help understand better the mechanisms regulating synaptic function and pave the way for new therapeutic strategies for recovery in migraine aura and after acute brain injuries. The present work suggests that prevention of ER fission by administration of inhibitors of CaMKII may be a worthwhile approach.
